We present the underlying mechanism for the mobility enhancement in a pentacene thin-film transistor ͑TFT͒ with a photocrosslinking polymeric insulator, poly͑vinyl cinnamate͒ ͑PVCi͒. Experimental results for the optical anisotropy, x-ray diffraction, and microscopic layer-by-layer coverage of the pentacene film on the photocrosslinked PVCi layer, exposed to a linearly polarized ultraviolet ͑LPUV͒ light, clearly demonstrate the importance of the structural packing of pentacene grains rather than the directional alignment of the pentacene molecules for the mobility enhancement. The packing density of pentacene grains is directly related to the number of photocrosslinking sites of the PVCi insulator produced by the LPUV. It is found that the mobility in the pentacene TFT is linearly proportional to the number of photocrosslinked sites of the PVCi insulator serving as interaction sites for the layer-by-layer coverage of the pentacene molecules with no preferred orientation.
I. INTRODUCTION
An exciting prospect in plastic electronics lies in the development of reliable, high-performance organic thin-film transistors ͑OTFTs͒ that are applicable for flexible displays, smart cards, and a variety of sensors. [1] [2] [3] It is believed that the carrier mobility, which is one of the most important factors dictating the electrical performances of the OTFTs, depends strongly on the interfacial interactions between an organic semiconductor and a gate insulator. For instance, the mobility in a pentacene TFT with an inorganic SiO 2 insulator was found to be 1.6 cm 2 /V s ͑Ref. 4͒ while that in a pentacene TFT with a nontreated polymeric insulator was about 0.3 cm 2 /V s. 5 For a phototreated polyimide insulator, it was reported that the mobility reaches as high as 0.7 cm 2 /V s due to the directional alignment of pentacene molecules. 6 More recently, it has been demonstrated that the solvent processing temperature of a polymeric insulator significantly alters the interfacial interactions that play a critical role on the structural arrangement of the pentacene molecules. 7 Measurements of the peak intensities and the peak positions of the x-ray diffraction ͑XRD͒ patterns in addition to the surface morphologies showed the directional ordering and the physical state of the pentacene molecules. [8] [9] [10] However, the underlying physics behind the charge transport associated with the interfacial phenomena in the OTFTs has not been fully understood so far. Since the growth morphology of organic semiconducting molecules is primarily governed by the physicochemical interactions at an interface of a gate insulator, it is extremely important to explore the underlying mechanism for the growth morphology in terms of the interfacial interactions, producing the mobility enhancement through the structural packing and/or the directional alignment of the constituent molecules, from both scientific and technological viewpoints.
In this work, we present the physical origin of the mobility enhancement in a pentacene TFT with a photocrosslinking polymeric gate insulator, poly͑vinyl cinnamate͒ ͑PVCi͒, which is known to align liquid crystals ͑LCs͒ when exposed to a linearly polarized ultraviolet ͑LPUV͒ light.
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Our experimental results for the optical anisotropy, the XRD, and the layer-by-layer coverage of the pentacene film revealed that the mobility enhancement results mainly from the dense growth morphology due to the structural packing of the pentacene grains rather than the directional alignment of the pentacene molecules on the LPUV exposed PVCi insulator. The mobility in the pentacene TFT is linearly proportional to the number of the photocrosslinked sites of the LPUV exposed PVCi layer that act as the interaction sites for the layer-by-layer coverage of the pentacene molecules with no preferred orientation. No considerable difference between the mobilities along two directions of the current flow, perpendicular and parallel to the LPUV polarization, was observed. This implies that the increase in the packing density of the pentacene grains on a gate insulator plays a more critical role in the mobility enhancement than the directional alignment of the pentacene molecules. In Sec. II, we describe the pentacene film preparation and the optical, structural, and morphological measurements. Experimental results for the optical anisotropy, the XRD, and the layer-by-layer coverage of the pentacene film on the PVCi insulator are presented in Sec. III. In Sec. IV, the electrical properties of the pentacene TFTs are presented. Some concluding remarks are made in Sec. V.
II. EXPERIMENTAL CONSIDERATION
A top-contact, bottom gate pentacene TFT structure with the PVCi insulator, shown in Fig. 1͑a͒ , was used in our study.
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The indium-tin-oxide ͑ITO͒ was used for the gate electrode. The ITO patterned glass substrate was cleaned up with acetone, isoprophylalcohol, methanol, and de-ionized water in sequence. The PVCi ͑Sigma-Aldrich, Ltd.͒, dissolved in cyclopentanone in 10 wt %, was spin coated and cured at 60°C for 5 h to remove any residual solvent, cyclopentanone. 7 The thickness and the capacitance per unit area of the PVCi layer were measured as 570 nm and 5.9 nF/ cm 2 , respectively. The photocrosslinking reaction 12 in the PVCi layer was produced using a broadband UV light source. The LPUV light was exposed onto the PVCi layer for 180 s at the intensity of 10 mW/ cm 2 . It is known that the crosslinking density is proportional to the optical anisotropy induced in the PVCi layer. 13 The phase retardation of the PVCi layer was measured using a photoelastic modulation ͑PEM͒ method with a He-Ne laser at the wavelength of 633 nm.
14 For preparing an active layer in the OTFT, the pentacene molecules were deposited on the top of the PVCi insulator at the rate of 0.5 Å / s under the pressure of about 10 −6 Torr. The pentacene material, purchased from SigmaAldrich, Ltd., was used without further purification. The pentacene film thickness was measured as 60 nm. The source electrode and the drain electrode were prepared on the pentacene film using gold ͑Au͒ at the deposition rate of 1 Å / s. The thickness of Au was 80 nm. The length and the width of the channel were 50 m and 1 mm, respectively. The electrical measurements of the fabricated pentacene TFTs were performed using a semiconductor parameter analyzer ͑HP 4155A͒ under ambient pressure at room temperature. The XRD measurements were carried out using a diffractometer ͑D8 DISCOVER, Bruker Co., Ltd.͒ with graphite monochromatized Cu K ␣ radiation ͑ = 1.54 Å͒. The surface morphologies of both the PVCi layer and the pentacene film were examined by an atomic scanning probe microscope ͑SPM͒ ͑SPA 400, Seiko Instruments Co., Ltd.͒. The cantilevers of the SPM were used in the tapping mode. The grain size and the surface roughness were determined from the SPM data scanned in the area of 2.5 m ϫ 2.5 m.
III. CHARACTERIZATION OF THE PVCI AND PENTACENE THIN FILMS

A. Optical anisotropy
We first examine the surface properties of the PVCi insulator layers upon the LPUV exposure and the resulting structural arrangement of the pentacene molecules deposited on them. As shown in Figs. 1͑b͒ and 1͑c͒, the surface roughness of a bare PVCi layer and that of a photocrosslinked PVCi layer by the LPUV exposure for 180 s were nearly same as 2.5± 0.2 Å. Therefore, the effect of the surface roughness of the PVCi insulator on the growth morphology of the pentacene film is negligible unlike in a previous study. 15 Generally, it is believed that one of the significant factors influencing the charge transport in the pentacene film is the directional ordering of the pentacene molecules which produce nonzero optical anisotropy. More specifically, a preferred orientation of the elongated pentacene molecules results in the optical anisotropy. The phase retardation of the bare PVCi and that of the LPUV exposed, photocrosslinked PVCi, measured using the PEM method, are shown in the left column of Figs. 2͑a͒ and 2͑b͒, respectively.
The PVCi undergoes an anisotropic photocrosslinking reaction upon the LPUV exposure. The photochemical reac- 
FIG. 2. ͑a͒
The phase retardation of the bare PVCi layer and that of the pentacene layer itself deposited on it, ͑b͒ the phase retardation of the LPUV exposed PVCi layer for 180 s and that of the pentacene layer itself deposited on it, and ͑c͒ the phase retardation of the PVCi layer as a function of the LPUV exposure time. The right column in ͑a͒ and ͑b͒ shows the phase retardation of the pentacene layer itself having no directional alignment.
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tion of a cinnamate polymer is generally induced by the reaction of the carbon double bonds of cinnamate sidegroups under the UV irradiation. The irradiation of the LPUV breaks the C=C bonds of cinnamate side chains that are parallel to the direction of the LPUV. The broken sidechains adjacent to main chains cause ͓2+2͔ cycloaddition and then create an anisotropic distribution of cross-linked molecules along the direction perpendicular to the LPUV. 12 The LPUV produces the orientational ordering of the molecules along the direction perpendicular to the LPUV. This gives an optical anisotropy of the PVCi layer by such photocrosslinking reaction.
As shown in the left column of Fig. 2 , it is clear that the LPUV exposed PVCi layer of 570 nm shows nonzero optical anisotropy while the bare PVCi layer exhibits no optical anisotropy. The phase retardation of the pentacene film of 60 nm on the bare PVCi and that on the LPUV exposed PVCi are shown in the right column of Figs. 2͑a͒ and 2͑b͒. Interestingly, the two pentacene films deposited on the bare PVCi and the LPUV exposed PVCi exhibit no optical anisotropy ͑or no directional order͒ within our optical resolution although the LPUV exposed PVCi layer itself has a finite optical anisotropy ͑about 0.01 rad͒ as shown in the left column of Fig. 2 .
From the fact that the phase retardation shows axial symmetry, i.e., no anisotropy, it was found that in contrast to the LC molecules, 11 the pentacene molecules may not be substantially aligned on the LPUV exposed PVCi layer along a certain direction. This means that no ordered and/or crystalline state of the pentacene molecules on the LPUV exposed PVCi layer would be produced. A more detailed description of the structural order of the pentacene molecules will be given in the following section where the XRD results are presented. The measured phase retardation ͑or the optical anisotropy͒ of the PVCi layer is monitored as a function of the LPUV exposure time. As shown in Fig. 2͑c͒ , the measured values of the phase retardation increase monotonically and become saturated at about 0.01 rad with increasing the LPUV exposure time. In fact, the PVCi molecules were fully aligned and photocrosslinked after 180 s of the LPUV exposure. No further crosslinks were observed above the LPUV exposure for 180 s. Since the optical anisotropy is proportional to the photocrosslinked density, 13 the interaction sites for the pentacene molecules at the PVCi interface increase with increasing the optical anisotropy of the PVCi layer.
B. X-ray diffraction
We now discuss the XRD data for the pentacene films ͑all 60 nm͒ on both the bare PVCi layer and the photocrosslinked PVCi layer upon the LPUV exposure. From the XRD data, the change in the structural arrangement of the pentacene molecules, the crystallinity and/or the directional order, can be determined as in previous works. [8] [9] [10] It has been argued that the intensity increase in the XRD patterns indicates the presence of a more ordered state of pentacene molecules. As an example, the enhancement of the XRD intensity in a pentacene film on a rubbed self-assembling monolayer represents a certain degree of the crystallinity of the pentacene film. 10 As shown in Figs. 3͑a͒ and 3͑b͒ , in our case, the XRD intensities of the pentacene films on the bare PVCi and the LPUV exposed PVCi show essentially no difference. Moreover, the full width at half maximum ͑FWHM͒, W 1 or W 2 , of the first order XRD peak in ͑001͒ remains unchanged as clearly shown in Figs. 3͑c͒ and 3͑d͒. It is then concluded that the directional order of the pentacene molecules is negligible and the crystallite ͑grain͒ size in the pentacene film remains nearly same. 16, 17 This is in agreement with our SPM observation of the grain size in the pentacene films of 60 nm thick on both the bare PVCi layer and the LPUV exposed PVCi layer.
Based on the first order diffraction peak at 5.7°in our XRD data, it was found that the layer spacing of pentacene molecules, d 001 , is 1.54 nm. This is consistent with previous results. [18] [19] [20] It is interesting to note that the measured d 001 is somewhat smaller than the length of a single pentacene molecule ͑1.60 nm͒. This suggest that the long axes of the pentacene molecules are slightly tilted.
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C. Surface morphology
Let us determine how the interfacial interaction sites at the PVCi insulator influence the growth morphology of the pentacene film upon the LPUV exposure. The layer-by-layer growth of the pentacene molecules on two different PVCi insulator layers, one of which was a bare PVCi layer and the other was the LPUV exposed PVCi layer for 180 s, was carried out. It should be noted that no difference in the surface roughness between the two PVCi layers was observed. It is evident from Figs. 4͑a͒ and 4͑b͒ that the nucleation sites for the pentacene grains on the LPUV exposed PVCi layer become dense from the initial growth stage. For the nominal thickness of 4 Å, the monolayer coverage of the pentacene grains on the LPUV exposed PVCi is about 35% higher than that on the bare PVCi. This results from the presence of more nucleation sites produced during the photocrosslinking reaction of the PVCi molecules upon the LPUV exposure. Note that ultrathin molecular layers next to a dielectric interface FIG. 3. X-ray diffraction results for a pentacene film of 60 nm thick grown on ͑a͒ the bare PVCi layer and ͑b͒ the LPUV exposed PVCi layer for 180 s. The corresponding FWHMs, W 1 and W 2 , of the first order diffraction peaks in ͑001͒ are shown in ͑c͒ and ͑d͒.
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were found to dominate the charge transport in an organic semiconductor. 21 The full coverage of the first pentacene film became completed for the nominal thickness of about 11 Å as shown in Figs. 4͑a͒ and 4͑b͒. As the pentacene film thickness increases, the layer-by-layer coverage proceeds in a step of about 11 Å, which is somewhat less than the length ͑16 Å͒ of a single pentacene molecule. Under this circumstances, the pentacene molecules are considered to be slightly tilted away from the surface normal of the PVCi layer. This agrees well with the XRD data. Above the nominal thickness of 45 Å, corresponding to about four stacked pentacene layers, no microscopic difference between the pentacene film on the LPUV exposed PVCi and that on the bare PVCi was observed.
This layer-by-layer growth of the pentacene film in the Stransky-Krastanov mode, 22, 23 observed in our case, is expected to play a key role on the charge transport in the pentacene TFT. Considering that the grain sizes in the pentacene films of 60 nm thick are essentially unchanged as discussed in our XRD data, the morphological growth in the initial stage is extremely important for the charge transport in the pentacene film. Therefore, the mobility enhancement in the OTFT should be understood in terms of the structural packing of the grains within the framework of the initial layerby-layer coverage instead of many stacked molecular layers. 20 In addition, the presence of grain boundaries will significantly limit the transport of charges, i.e., the carrier mobility. More photocrosslinked sites on the LPUV exposed PVCi layer give more nucleation sites for the pentacene grains at the PVCi insulator interface as shown in Fig. 4͑b͒ . It should be emphasized that from the optical anisotropy results, the XRD data, and the layer-by-layer coverage, the dense growth morphology in the pentacene film on the LPUV exposed PVCi layer is attributed to the high packing of the pentacene grains rather than the alignment of the pentacene molecules along a preferred direction. In other words, the LPUV exposure on the PVCi layer produces layer-bylayer packing of the pentacene grains without directional alignment of the pentacene molecules at photocrosslinked sites.
IV. ELECTRICAL PROPERTIES OF PENTACENE TFTS
Based on the earlier results, we now describe the physical mechanism for the mobility enhancement in view of the difference in the charge transport between two types of the pentacene TFTs having four different PVCi layers, one of which is a bare ͑or isotropic͒ PVCi and the other three photocrosslinked PVCis upon the LPUV exposure for 30, 180, and 600 s. Note that all the four PVCi insulators exhibit essentially no morphological difference. The output characteristic curves of our four pentacene TFTs are shown in Fig.  5 . Among the four OTFTs, one with the isotropic PVCi shown in Fig. 5͑a͒ has the lowest drain current for given drain and gate voltages. As the LPUV exposure time increases from 0 to 600 s, the drain current of the OTFT in the saturation region increases from −3.59 up to −9.40 A and becomes saturated above 180 s on moving from Figs. 5͑a͒-5͑d͒. The threshold voltage of −20 V and the current on-off ratio of 10 5 remain almost same in the four OTFTs we studied. In the saturation regime, the mobility of the OTFT is calculated using the following equation:
where I D is the drain current, L and W are the channel length and the channel width, respectively, C i is the insulator capacitance per unit area, sat is the carrier mobility in the saturation region, V G is the gate bias voltage, and V T is the threshold voltage. The carrier mobility in the saturation region upon the LPUV exposure from 0 to 600 s were found to show a reminiscent behavior of the phase retardation as shown in Fig. 2͑c͒ , ranging from 0.05 to 0.12 cm 2 / V s with increasing the LPUV exposure time.
As another direct evidence of supporting that the mobility enhancement results primarily from the high packing of the pentacene grains rather than the directional alignment of the pentacene molecules, the output and transfer characteristic curves measured along two directions of the current flow, perpendicular and parallel to the LPUV polarization, are presented in Figs. 6͑a͒ and 6͑b͒ . Clearly, no substantial difference ͑about 10%͒ between the two directions was observed. The longitudinal mobility ʈ and the transverse mobility Ќ to the polarization of the LPUV, determined from the transfer characteristic curves in Fig. 6͑b͒ , were given as Ќ Ϸ 1.12 ʈ with ʈ = 0.09 cm 2 / V s. The relationship between the mobility in the pentacene TFT and the phase retardation ͑or the optical anisotropy͒ of the LPUV exposed PVCi insulator is shown in Fig. 6͑c͒ . The linear relationship tells us that the mobility is directly proportional to the number of the photocrosslinked sites or the nucleation sites in the PVCi layer that provide the high packing of the pentacene grains with no directional alignment of pentacene molecules.
V. CONCLUDING REMARKS
We presented a rather complete picture of the underlying mechanism for the mobility enhancement in a pentacene TFT with a photocrosslinking polymer insulator within the framework of the initial layer-by-layer coverage of the pentacene molecules. From the optical anisotropy and the XRD measurements, it was found that in contrast to the LC molecules, no directional alignment of the pentacene molecules was produced on the LPUV exposed PVCi layer. Thus, the main physical origin of the mobility enhancement comes from the dense growth morphology of the pentacene molecules and grains at the photocrosslinked sites acting as the nucleation sites. The fact that no substantial difference was observed between the mobilities in two OTFTs, in one of which the current flow is parallel to the LPUV polarization and the other perpendicular to the LPUV polarization, definitely supports the importance of the high packing of pentacene grains rather than the directional alignment of pentacene molecules. The carrier mobility in the pentacene TFT with the LPUV exposed PVCi insulator was found to be linearly proportional to the optical anisotropy of the PVCi layer. For other crosslinking polymeric insulators, the mobilities will share the common features with the PVCi. The mobility of our OTFT on the PVCi would be much enhanced by the purification of the pentacene material and the moderation of the substrate heating used in the previous work. 25 This work is expected to provide at least a basis for developing promising polymer insulators to increase the carrier mobility in the OTFT. 
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